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OBJECTIVES
The ultimate objective of this project is the development and refinement of a capability to supplement the contemporary atmospheric observation network with advanced satellite wind observations to improve high-resolution operational analyses and medium-range forecasts of western North Pacific typhoons.
One primary research goal is to evaluate and diagnose the impact of assimilating the advanced satellite wind observations on global Navy model forecasts, and high-resolution forecasts of structure change. We aim to better understand how to utilize the satellite wind data in the context of numerical model assimilation and forecast impact. Optimizing the assimilation of the experimental satellite winds will involve a continued investigation of the satellite data impacts with respect to objective targeting of analysis-sensitive regions, and utilizing 4DVAR approaches.
APPROACH
During the field phase of TCS-08, experimental satellite-derived wind observations were produced by UW-CIMSS using state-of-the-art automated methods. Hourly datasets were routinely derived from operational images provided from the Japan Meteorological Agency (JMA) MTSAT geostationary satellite. In addition, special rapid-scan (r/s) images from MTSAT-2 were provided by JMA for extended periods (24-48hrs) over specific regions, and including parts of selected typhoon life cycles. UW-CIMSS also processed these images into wind fields (higher resolution). These special satellitederived wind observations complemented those data collected by the NRL P-3 aircraft during TCS-08, by providing unique time-continuous environmental data in locations that were deemed important to tropical cyclone formation and development.
The project uses the latest versions of the NRL Atmospheric Variational Data Assimilation SystemAccelerated Representer (NAVDAS-AR) and NOGAPS, the Navy's current operational data assimilation and global forecast model systems, so that the research results may be easily transitioned to improve the Navy's operational predictions. We expect that the NAVDAS 4DVAR assimilation will provide an improved analysis, since its temporal continuity better exploits the asynoptic satellite winds than 3DVAR, in which the observations are assimilated at discrete 6-hour intervals. Upon completion of the experiments, the resulting global analyses and forecasts will be made available to investigators involved in developing and testing the Navy's coupled ocean-wave-atmosphere model.
Existing adaptive observing strategies such as the Ensemble Transform Kalman Filter (ETKF) and NOGAPS Singular Vectors have been used to identify regions in which numerical forecasts are most likely to benefit from the assimilation of additional satellite wind data. A new 'synthetic observation ensemble' will also be devised to answer this question more directly. Via the observation sensitivity method (for forecasts up to 24h) and data denial in the Navy forecast system (for forecasts up to 5 days), the impact of assimilating targeted high-density (hourly and rapid-scan) satellite winds on global model forecasts of tropical cyclone track and high-resolution forecasts of tropical cyclone structure will be evaluated and analyzed.
Finally, in order to extend and evaluate targeting hypotheses specific to high-resolution predictions of tropical cyclone structure, new perturbation experiments in the Weather Research and Forecasting (WRF) modeling framework are being designed. This framework allows for the direct diagnosis of how modifications to the initial wind field in the synoptic environment lead to altered forecasts of tropical cyclone structure. The software is designed such that it can be transferred to the developing COAMPS-TC framework at the Naval Research Laboratory, Monterey.
WORK COMPLETED
In Year 3, the UW-CIMSS team collaborated with scientists at NRL-MRY to conduct data impact studies using the specially processed AMV datasets produced from MTSAT by CIMSS, as described in previous reports. A series of experiments to quantify the impact of the MTSAT AMVs during TCS-08 have been performed at NRL Monterey using the operational version of the NAVDAS-AR, which is a full 4-dimensional variational (4d-Var) algorithm solved in observation space with a weak constraint formulation that allows the inclusion of model error. It uses asynoptic and single-level data more effectively than the earlier 3d-Var NAVDAS system. AMVs in NAVDAS-AR are assimilated using a "super-ob" pre-processing approach that combines raw wind observations into averages within 1° latitude-longitude prisms in 50 hPa layers. It is the super-ob winds that are then actually assimilated.
The primary task of the U. Miami team in Year 3 was to complete the detailed investigation of the synoptic sensitivity associated with one long-lived cyclone during TCS-08: Typhoon Sinlaku, and the evaluation of hypotheses for optimal areas for targeting satellite wind data. A graduate student funded on this grant, William Komaromi, was trained on the usage of the WRF model framework necessary to conduct the numerical experiments for his thesis research. In order to better diagnose the locations in which forecasts are most likely to benefit from the assimilation of targeted satellite AMVs, a new perturbation technique was developed. This technique is an analysis sensitivity method, which bypasses observations, data assimilation and their associated inaccuracies. Unlike existing the techniques used for adaptive observations in tropical cyclones, such as Singular Vectors and the ensemble transform Kalman filter, this technique is not based on an assumption that the dynamics are linear. Instead, the vorticity field is perturbed in a local region at the initial time, and the flow is rebalanced to produce a new perturbed analysis. The WRF model is then integrated forward to provide a perturbed forecast, which is compared with a 'control' forecast in which no perturbation is made to the initial conditions.
RESULTS
From the UW-NRL investigations, the hourly MTSAT AMV datasets were first assimilated in NAVDAS-AR for the two-month TCS-08 period. The hourly AMVs allow for more consistent temporal coverage of the evolving atmospheric flow. This baseline analysis also includes all conventional and special T-PARC observations except for dropwindsondes and rapid-scan AMVs, and is referred to as the control (CTL). Two additional experiments were produced: (i) "No-AMV" which is CTL with the CIMSS hourly winds removed, and (ii) "Rapid-Scan" which is CTL but with the rapid-scan AMVs included. For NOGAPS forecasts of length exceeding 3 days, the average error of the tropical cyclone track forecasts is reduced considerably due to the assimilation of the hourly AMVs (Table 1) . The same forecasts were also improved further by the inclusion of rapid-scan winds. For example, for 4-day forecasts, the average track error was reduced by ~30% when hourly winds were included, and by ~45% when both hourly and rapid-scan winds were included. Furthermore, the number of forecasts of very large error, which may be considered "busts", was reduced by the assimilation of AMVs (Fig. 2a) , and the average forecast error was reduced further when a lower weight was given to the bogus vortex used in the operational NOGAPS system (Fig. 2b) . Another potential reason for the improved forecasts through assimilation of hourly and rapid-scan wind data is the superior representation of transient mid-latitude troughs that act to modify the track and structure of the typhoon. For example, the assimilation of the rapid-scan AMVs produces a slower NOGAPS forecast track that is closer to the verification than that produced when rapid-scan winds are neglected (Figs. 2c, d ). It should be noted that there were considerable errors and uncertainty in the operational forecasts of Typhoon Sinlaku, which has been the primary TCS-08 case under investigation and during which rapid-scan mode was activated for three days. The University of Miami perturbation technique has been applied to the case of Typhoon Sinlaku, with the strongest sensitivity in the track forecast found due to perturbations in the upper-level shortwave trough 1000 km to its north (denoted 'S2' in Fig. 3a) , and a trough upstream in the mid-latitude storm track (denoted 'S1' in Fig. 3a) . The weakening of the upper-level trough in the perturbed run 'S2' acted to decrease the northward component of the flow in the environment of Sinlaku, keeping the typhoon further south, consistent with the actual track (Figs 3b, c) . The mid-latitude sensitivity is a potential reason for the improvement of the >3-day NOGAPS forecasts in Figs 2c and 2d, in which hourly and rapid-scan AMV data were assimilated for several days over broad target areas in the near and far vicinity of Typhoon Sinlaku. . While the vorticity perturbation technique is expected to offer cleaner insights on analysis sensitivity than is possible with data assimilation, it is not suited for real-time use as a predictive sensitivity method, given its computational expense. Its primary use will be for retrospective diagnoses to understand the sensitivities in subsequent targeting experiments. The final part of our proposed research will use the synthetic observation ensemble, described in the initial proposal, to select broad areas for targeting of supplementary hourly and rapid-scan winds. Targets using this method will be compared with the Singular Vectors available at NRL, and the University of Miami modified ETKF approach (Fig. 3d) .
IMPACT/APPLICATIONS
A quantitative understanding of the influence of improved representations of the synoptic environment and outflow in the tropical cyclone will lead to new scientific conclusions on environmental interactions and modifications to tropical cyclone track and structure. The longer-term impact will be derived from the improved assimilation of targeted satellite wind observations in Navy (and other) models.
RELATED PROJECTS
This project is related to that funded by the TCS-08 grant N000140810250: "Using NOGAPS Singular Vectors to Diagnose Large-Scales on Tropical Cyclogenesis" (PI Majumdar; Co-PIs Peng and Reynolds of NRL Monterey). A supplement to the budget on that grant has enabled the further development of the WRF vortex initialization and inversion software for easy use by students and collaborators. This software will also be used in the new NOPP collaboration between Velden and Majumdar cited below.
This project is also related to that funded by NOPP grant N00014-10-1-0123: "Achieving Superior 
